SUMMARY. Bayesian discriminant analysis is used to predict whether or not a given protein segment will activate helper T cells. The predictor variables are drawn from the products of frequencies of amino acid residues. The model's predictive validity compares favourably with that of alternative modelling strategies, suggesting that this approach merits further investigation.
Additional key phrases: T cell epitopes; protein antigens; protein primary structure; Bayesian discriminant analysis Helper T cells are instrumental in the immune system's response to pathogens. Upon capturing a foreign protein, an antigen presenting cell displays a segment of the protein antigen in close association with a class II MHC molecule specific to the host genotype. It is necessary for the helper T cell receptor to bind to the antigen and MHC molecule in order for the immune response to progress. The specific sites on the protein where the recognition occurs (epitopes) are referred to as immunodominant sites.
Helper T cell immunodominant sites have been the subject of much investigation. Several algorithms for predicting immunodominant sites from the primary sequence of proteins have been proposed. Based on the theory that antigen sites tend to be amphipathic helices, Margalit et al. developed the AMPHI procedure. I Using the Fauchere-Pliska hydrophobic rating-for each residue in a segment, a series of least squares fits of sinusoids from 0°to 180°is determined. If the average fit of frequencies from 85°to 110°is appreciably better than the average fit of frequencies from 0°to 180°, a segment is predicted to be an amphipathic helix, and therefore likely to be antigenic. Stille et al.' developed another algorithm based on the search for amphipathic helices. Using the Kyte-Doolittle hydrophobic scale," they calculate the average hydrophobicity of residues occupying positions n, n+4, n+7, n+ 11 and n+ 14.
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Those segments with the highest scores accompanied by negative scores are predicted to be antigenic.
Other researchers have looked for common patterns in antigenic segments. Rothbard and Taylor! suggested two patterns that might predict antigenicity. The first is a tetramer of charged or glycine, hydrophobic, hydrophobic, polar or glycine; and the second a pentamer of charged or glycine, hydrophobic, hydrophobic, hydrophobic or proline, polar or glycine. Welling et al:" calculated amino acid frequencies in B cell antigenic regions. In practice, a consensus of several predictions is used. Menendez-Arias and Rodriguez have written the computer program EPIPLOT for such purposes."
Statistical modelling procedures such as Bayesian discriminant analysis (BDA) and logistic regression (LR) allow for the estimation of effects of multiple predictors on categorical dependent variables. In a previous study," it was shown that the simple frequencies of the 20 amino acid residues were dominant predictors of immunodominant sites when BDA was utilized. This study builds on the previous results and explores the effect of interactions between residues.
MODELLING PROCEDURE
The database Amino acid sequences for the proteins included in this study were downloaded from the GenBank Table 1 were selected because they appeared to match those analysed by Margalit et al,' The accession number is provided in parentheses below the protein name. P denotes the Swiss-Prot database; J or M denote the GenPept database.
The variables
Following the theory that the antigenicity of a residue is influenced by the five residues on each side, 11 residue segments are used as the basis for epitope prediction. Based on the antigenic sites published by Margalit et al.,I the dependent variable is assigned a one if the residue is a member of an antigenic site and a two if not.
The standard triple letter abbreviation for each amino acid was used to record the number of times that acid occurred in the segment. Thus, Gly is the number of glycines, Ala the number of alanines, etc. The 190 products-Gly*Ala, Leu*Val, etc.constitute the set of interaction variables used as possible predictors.
The model
Bayesian discriminant analysis 9 -12 is applied in where the peA I) are prior probabilities and P(xIA I) is the probability distribution of x sampled from group AI' Under assumptions given below, model (1) becomes
where the constant biO and the vector b, are estimates of parameters, and x is selected by a stepwise procedure.'! In the model described in the following section, the xs are products of amino acid occurrences, and the bs are parameters fitted by discriminant analysis to separate antigenic and non-antigenic sites.
Assumptions underlying model (2) are: (i) the prior probabilities are uniform; i.e.,
P(A 1)=P(A2)= 1/2;
(ii) x follows a p-variate normal probability density function; (iii) homoscedasticity of x is assumed between the Al abd A 2 groups; (iv) observations on x are independent.
Assumption (i) leads to better predictions than non-uniform priors based on observed frequencies.
In line with the robustness of discriminant analysis to non-normality and heterogeneity, assumptions (ii) and (iii) are not seriously violated by the data. Though assumption (iv) is invalid, the fitted model will be shown to be at least as accurate (in terms of misclassifications) as competing models. Alternate models which address violations of assumption (iv) will be addressed in a subsequent report.
RESULTS
Data from the nine proteins were merged for purposes of building a general model. When the 20 sets of interactions were scanned through stepwise discriminate analysis;'? the cysteine interactions proved to be the best predictors of antigenicity. The scanning process was repeated utilizing the cysteine products and each of the 19 remaining sets of interactions; alanine interactions were selected. Finally, the process was repeated a third time and tyrosine products prevailed.
The 57 products of cysteine, alanine and tyrosine with the remaining amino acid residues were scanned through stepwise discriminant analysis. The significant predictor variables were redefined according to the form Xl = a l (ali = a2i + ... + ari) where ai denotes the frequency of a dominant amino acid residue and aji the frequency of a residue that interacts significantly with aj' The process produced the following Xi:
Cys(Leu + He+ Gly + Asp + Gin + Asn + Val-Arg -2·Phe -Glu) X2 = Ala_int = Ala(Leu + He + His + 2·Arg -Met -Pro) X3 = Tyr_int = Tyr(Leu + 2·He + Gly + 2·Asp + Lys + Thr -Arg -Trp -Tyr -2·Cys -2·Ala)
This suggeststhree types of antigenic segmentsthose dominated by cysteine with no phenylalanine or tyrosine; those dominated by alanine with no tyrosine; and those dominated by tyrosine with no cysteine or alanine. Parameter estimates in model (2) are as shown in Table 2 .
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x, then P(Allx) =(1 +eU)-I. The classification procedure is demonstrated for three antigenic segments, one of each type described above. The predictive validity of the model is based on the jackknife technique.P A residue is classified as a member of Al when P(Adx) > O·50. The classification matrix shown in Table   3 is used as a measure of predictive validity.
For this application, it is more relevant to determine how well the model predicts antigenic segments, rather than antigenic points. It is also appropriate to evaluate those predicted but not experimentally confirmed antigenic segments in the light of other predictions. It may be that a predicted segment will be found to be antigenic in the future. In tabulating the following results, an antigenic segment was defined by the following criteria: 1. Minimum of seven residues in length 2. Core of at least four contiguous predicted antigenic residues 3. Skip of one predicted non-antigenic residue included when moving out from the core. Table 1 displays 
CONCLUSION
The BDA model with interactions correctly identifies all of the antigenic segments in the database. Only eight segments which have not been classified as antigenic in the laboratory were classified as antigenic by the model. Therefore, it can be said that the model fits the data well. Future studies will expand the database to see if this model remains valid.
